Exposure of keratinocytes (KC) to ultraviolet (UV) radiation results in the initiation of apoptosis, a protective mechanism that eliminates cells harboring irreparable DNA damage. Hence, a manipulation of UV-induced apoptosis may significantly influence photocarcinogenesis. We have discovered that the aryl hydrocarbon receptor (AHR), a key regulator of drug metabolism and an UVB-sensitive transcription factor, serves an anti-apoptotic function in UVB-irradiated human KC. Chemical and shRNA-mediated inhibition of AHR signaling sensitized KC to UVB-induced apoptosis by decreasing the expression of E2F1 and its target gene checkpoint kinase 1 (CHK1). The decreased expression of these cell-cycle regulators was due to an enhanced expression of p27 KIP1 and an associated decrease in phosphorylation of both cyclin-dependent kinase 2 and its substrate molecule retinoblastoma protein. The subsequent inhibition of E2F1 autoregulation and downstream CHK1 expression resulted in an enhanced susceptibility of damaged cells to undergo apoptosis. Accordingly, ectopic overexpression of either E2F1 or CHK1 in AHR-knockdown KC attenuated the observed sensitization to UVB-induced apoptosis. Using an AHR-knockout SKH-1 hairless mouse model, we next demonstrated the physiological relevance of the anti-apoptotic function of AHR. In contrast to their AHR-proficient littermates, the constitutive expression of E2F1 and CHK1 was significantly reduced in the skin of AHR-knockout mice. Accordingly, a single exposure of the animals to UVB resulted in an enhanced cleavage of caspase-3 in the skin of AHR-knockout mice. These results identify for the first time the AHR-E2F1-CHK1 axis as a novel anti-apoptotic pathway in KC, which may represent a suitable target for chemoprevention of non-melanoma skin cancer.
With an annual incidence of two to three million new cases worldwide, non-melanoma skin cancer (NMSC) is one of the most frequent forms of cancer in humans (World Health Organization; http://www.who.int/uv/faq/skincancer/en/index1 .html). Typically, NMSCs, such as basal cell and squamous cell carcinomas, occur on sun-exposed areas of the skin, indicating that solar ultraviolet (UV) radiation, especially its UVB part (290-320 nm), is the most important etiological factor. 1, 2 In fact, it is well established that UVB radiation gives rise to skin cancer without additional initiators or promoters and thus is a complete carcinogen. 1 Because of the thinning of the ozone layer, the increase in recreational sunbathing and the enhanced usage of UV tanning beds, the incidence of NMSC is expected to increase in future years, 1,2 underscoring the urgent need for novel preventives against UV-induced skin malignancies.
When skin is exposed to solar radiation, high-energy UVB photons penetrate into the epidermis and initiate the so-called UVB response. 3 The main trigger of this stress response is the absorbance of UVB rays by DNA, which leads to the generation of highly mutagenic DNA photoproducts. 3, 4 In addition, UVB exposure results in the formation of reactive oxygen species (ROS), which may cause spontaneous single-and doublestrand breaks due to random oxidation of DNA bases. 4 Occurrence of DNA damage activates the DNA damage response network, which initiates cell-cycle arrest to enable DNA repair or, in case damage is too severe, apoptosis to avoid mitotic manifestation of mutations. 4, 5 Besides its role in epidermal development, apoptosis is probably the most important mechanism protecting the organism against genotoxic hazards. 4, 6 UVB irradiation initiates apoptosis via (i) damage of nuclear DNA, 5 (ii) activation of cell surface death receptors, 7 and (iii) intracellular formation of ROS accompanied by mitochondrial dysfunction and cytochrome c release. 8 The importance of UVB-induced apoptotic cell death as a protective mechanism becomes evident by the fact that the reduced risk of dark-skinned individuals to develop skin cancer is, to a major part, due to facilitation of UVB-induced epidermal apoptosis by melanin. 9 In addition, the property of several plant polyphenols to prevent UVB-induced skin carcinogenesis is also attributed to their ability to increase apoptosis in epidermal cells. 6 We have previously shown that UVB exposure of keratinocyte (KC) resulted in the activation of the aryl hydrocarbon receptor (AHR), 10 a ligand-activated transcription factor and central regulator of drug metabolism. 11 More precisely, UVB rays are absorbed by free tryptophan in the cytosol of KC, resulting in the formation of the tryptophan-photoproduct 6-formylindolo [3,2-b] carbazole (FICZ), 10 a high-affinity ligand of the AHR. 12 Alike polycyclic aromatic hydrocarbons (PAHs) and dioxins, FICZ binds to the AHR and initiates the dissociation of the cytosolic AHR multiprotein complex, consisting of heat-shock protein 90, tyrosine kinase c-src, and other co-chaperones, thereby enabling the nuclear translocation of AHR. 10, 11 In the nucleus, the AHR dimerizes with ARNT (AHR nuclear translocator) and binds to xenobiotic-responsive elements (XRE) in the promoter region of genes to enforce their transcription. The AHR gene battery encodes for drug-metabolizing enzymes, such as cytochrome P450 (CYP) 1A1, as well as for proteins involved in the regulation of cell growth and differentiation. 11, 13 Beside this AHR/ARNT-triggered pathway, the ligand-driven release of c-src in the cytoplasm initiates so-called 'non-genomic' AHR signaling that sequentially comprises c-src translocation from cytosol to cell membrane, phosphorylation of the epidermal growth factor receptor, activation of downstream MAPK, and induction of another set of target genes, including cyclooxygenase-2 (COX-2). 10, 13 As an induction of CYP activity can lead to ROS formation and the role of COX-2 in inflammation and cancer is well-known, the AHR is regarded as a crucial regulator of the UVB stress response. 14 Although it was reported that, depending on cell-type, tissue, and applied stressor, the AHR can act either pro-apoptotic or anti-apoptotic, 15 it is up-to-now not clear to what extent AHR signaling influences apoptosis in UVB-exposed KC. Here we asked if the AHR influences apoptosis in human NCTC 2544 KC, an established non-tumorigenic in vitro model for KC biology. 16 We found that chemical-and shRNA-mediated inhibition of AHR sensitized human KC to UVB-induced apoptosis by increasing the expression of p27 KIP1 , which subsequently repressed the autoregulatory expression of E2F1 and downstream expression of checkpoint kinase 1 (CHK1). Recovery of E2F1 or CHK1 expression abrogated apoptosis susceptibility of AHR-knockdown KC, indicating that the AHR-E2F1-CHK1 axis is a promising target for prevention of UVB-induced NMSC. Studies on AHR-proficient and AHR-knockout mice confirmed the in vivo relevance of this novel anti-apoptotic pathway in skin.
Results
Inhibition of AHR signaling increases the rate of UVB-induced apoptosis in human KC. In order to investigate whether AHR signaling has an impact on UVB-induced apoptosis in NCTC 2544 KC, we generated stable AHR-knockdown NCTC 2544 cells (NCTC-shAHR) via lentiviral shRNA transduction. In contrast to NCTC 2544 and empty vector control cells (NCTC-EV), the basal mRNA expression of AHR in NCTC-shAHR KC was decreased by approximately 80% (Figure 1a) . Irradiation with 200 J/m 2 UVB, equivalent to the minimal erythema dose of fair-skinned individuals, 17 led to a significantly lower induction of the AHR target genes CYP1A1, COX-2, and plasminogen activator inhibitor-2 (PAI-2; involved in regulation of extracellular matrix degradation 18 ) in NCTC-shAHR cells compared with NCTC 2544 and NCTC-EV cells (Figure 1b) , providing evidence that AHR signaling is significantly suppressed in these KC.
Exposure of NCTC-EV cells to 200 and 400 J/m 2 UVB significantly elevated the rate of apoptosis after 24 h, as shown by both increasing sub-G1 fraction (Figure 1c ; for representative cell-cycle profiles see Supplementary  Figure 1 ) and cleavage of the caspase substrate poly (ADP-ribose)-polymerase-1 (PARP-1; Figure 1d ). Identical UVB exposure of NCTC-shAHR KC resulted in a significantly higher apoptosis rate, suggesting that AHR-knockdown sensitizes KC to UVB stress (Figures 1c and d) . This observation was further confirmed by analyses of caspase-3 cleavage (see Supplementary Figure 2 Enhanced apoptosis susceptibility of KC with impaired AHR signaling is accompanied by a loss of E2F1 expression. To identify the molecular targets responsible for the enhanced susceptibility of NCTC-shAHR cells to UVB radiation, we analyzed the expression of proteins involved in DNA damage responses. The expression of E2F1 was found to be dramatically repressed in NCTC-shAHR cells (Figure 2a ). To test if the reduced E2F1 level was causative for sensitization of NCTC-shAHR cells to UVB-induced apoptosis, we transiently overexpressed E2F1 in these cells. 24 h later, KC were irradiated with 400 J/m 2 UVB and apoptosis was analyzed by PARP-1/cleaved PARP-1 western blotting. Recovery of E2F1 expression abrogated the sensitization to UVB-induced apoptosis in NCTC-shAHR cells (Figure 2b) .
To investigate the mechanism responsible for the decreased E2F1 expression in NCTC-shAHR KC, we performed comparative analyses of E2F1 promoter-driven reporter gene (pGL2AN; encompassing an approximately 275 bp fragment directly located 5 0 -upstream of the E2F1 transcription start site 19 ) activities. As shown in Figure 2c , NCTC-shAHR cells revealed an approximately 50% reduction in basal luciferase activity, despite the lack of putative XRE sequences. Accordingly, treatment of pGL2AN-transfected NCTC-EV cells with 5 mM of the AHR agonist benzo(a)pyrene (BaP) did not alter luciferase activity (Figure 2d ). Exposure of both transfected KC lines to the src-kinase inhibitor PP2 and the MEK inhibitor PD98059 did also not affect reporter gene activity, excluding the involvement of non-genomic AHR signaling in E2F1 gene regulation (see Supplementary  Figure 3 ). Extensive inhibitor studies also excluded the involvement of NF-kB, Sp1, and activating transcription factor, an effector of activated protein kinase A, in E2F1 regulation (see Supplementary Figure 3 ), although respective putative-binding motifs are located in the human E2F1 promoter. 19 In addition, the E2F1 promoter contains E2F-binding sites, which enable E2F1 autoregulation. 19, 20 This E2F1 autoregulatory loop strongly depends on the release of E2F1 from retinoblastoma protein (Rb), which is triggered by the balance between the Rb-phosphorylating cyclin-dependent kinase-2 (CDK2) and the inhibitory p27 KIP1 protein. 21 As expected, exposure of pGL2AN-transfected NCTC-EV KC to 10 mM Roscovitine, a CDK2 inhibitor (that notably also inhibits CDK1 and CDK5 22 ), resulted in a 50% reduction of basal E2F1 promoter activity (Figure 2d ), implying that CDK2 activity and thus E2F1 autoregulation is most probably repressed in NCTC-shAHR KC. Accordingly, we observed an increased expression of p27 KIP1 mRNA and protein in NCTC-shAHR KC (Figures 2e and f) , implying a repressive function of the AHR on p27 KIP1 expression in NCTC-EV KC. Importantly, (i) Roscovitine exposure was sufficient to sensitize NCTC-EV, but not NCTC-shAHR, cells to UVB-induced apoptosis (see Supplementary Figure 4) , and (ii) the repressive function of AHR on p27 KIP1 expression was also confirmed in stable HaCaT-shAHR KC (see Supplementary Figure 5 ).
It is worth mentioning that we observed a slight reduction of E2F1 promoter activity in Roscovitine-treated NCTC-shAHR KC (Figure 2d ), which was probably due to an inhibition of the residual CDK2 activity in these cells. The enhanced p27 KIP1 expression in NCTC-shAHR KC was accompanied by KIP1 mRNA in NCTC-EV and NCTC-shAHR KC 24 h after seeding. *Significantly increased compared with NCTC-EV KC; (f) basal expression of p27 KIP1 protein in NCTC-EV and NCTC-shAHR KC 24 h after seeding. *Significantly altered compared with NCTC-EV; (g) proliferation rates of growing NCTC-EV (treated with 0.1% DMSO or 20 mM MNF) and NCTC-shAHR cells were measured by BrdU incorporation for 24 h and are given as fold of DMSO-treated NCTC-EV. *Significantly reduced compared with DMSO-treated NCTC-EV These data provide compelling evidence that the AHR maintains E2F1 expression in KC, most probably via repression of p27 KIP1 expression.
Reduction of CHK1 expression is causative for the enhanced apoptosis susceptibility of KC with impaired AHR signaling. We next addressed the molecular mechanism by which the loss of E2F1 expression sensitizes KC to UVB-induced apoptosis. A prominent target gene of E2F1 is CHK1, a critical regulator of cell cycle that induces cell-cycle arrest in response to DNA damage. 23, 24 To investigate a potential involvement of CHK1 in the observed sensitization to apoptosis, we compared CHK1 expression in NCTC-EV and NCTC-shAHR KC. We found that CHK1 expression was clearly reduced in NCTC-shAHR cells (Figure 3a) , and this decline in protein level was accompanied by a significantly decreased expression of the corresponding mRNA (Figure 3b) . Exposure of NCTC-EV cells to 5 mM BaP did not alter CHK1 expression, indicating that CHK1 is not part of the XRE-dependent AHR gene battery (Figure 3c ). 2 UVB, and additional 24 h later western blotting was performed using indicated antibodies. *Significantly increased compared with UVB-exposed NCTC-EV, wsignificantly decreased compared with UVB-irradiated pCI-neo-transfected NCTC-shAHR KC; (f) NCTC-EV and NCTC-shAHR KC were cultured in FCS-free medium for 24 h prior UVB irradiation (400 J/m 2 ) to stop proliferation. After 24 h, protein was isolated and western blots were done using an anti-PARP-1 antibody that detects both PARP-1 and cleaved (cl.) PARP-1
The AHR inhibits UVB-induced apoptosis in skin K Frauenstein et al Accordingly, the characterization of the human CHK1 gene promoter did not reveal the existence of putative XRE, but the presence of several responsive E2F1 binding sites. 23 As expected, E2F1 overexpression in NCTC-shAHR cells restored CHK1 expression in a gene dose-dependent manner, providing evidence that the loss of E2F1 was causative for the decrease of CHK1 expression (Figure 3d ). To test if the loss of CHK1 expression in NCTC-shAHR cells was responsible for the increase in UVB-induced apoptosis, we performed ectopic overexpression of human CHK1 protein in these cells. Twenty-four hours after transient transfection, cells were irradiated with 400 J/m 2 UVB and apoptosis was measured by analysis of PARP-1 cleavage. Indeed, recovery of CHK1 expression attenuated the previously observed sensitization to UVB-induced apoptosis in NCTC-shAHR cells (Figure 3e ). These data strongly indicate that inhibition of AHR signaling in KC leads to a p27 KIP1 -mediated decrease in expression of E2F1 and its target gene CHK1, which results in an enhanced elimination of UVB-damaged cells.
As CHK1-triggered checkpoint control occurs in proliferating cells, we compared the apoptosis sensitivity of serumstarved, non-proliferative NCTC-EV and NCTC-shAHR cells. As expected, we detected equal amounts of cleaved PARP-1 in both cell lines 24 h after UVB irradiation, indicating that the identified molecular mechanism depends on cell-cycle progression (Figure 3f ).
The anti-apoptotic AHR-E2F1-CHK1 axis is present in vivo. Next, we investigated if the anti-apoptotic function of the AHR was also present in mouse skin. Therefore, male AHR-proficient and AHR-deficient SKH-1 hairless mice were irradiated with a single dose of 185 mJ/cm 2 UVB, and 48 h later the dorsal skin of the animals was prepared and protein was isolated. In contrast to AHR-proficient SKH-1 mice, we observed an enhanced cleavage of caspase-3 in the skin of AHR-knockout SKH-1 mice (Figure 4a ), indicating that the identified AHR-dependent anti-apoptotic pathway is of in vivo relevance. Expression analyses from skin samples of unexposed AHR-proficient and AHR-knockout SKH-1 mice revealed a reduced expression of E2F1 and CHK1 (Figures 4b and c) , further emphasizing the importance of the AHR-E2F1-CHK1 axis for the cutaneous DNA damage response.
Discussion
The AHR is an intracellular chemosensor, whose activity can be easily manipulated by either agonistic or antagonistic ligands.
11 AHR-deficient mice are protected against PAH carcinogenicity, 25 transgenic overexpression of a constitutive active AHR induces tumorigenesis, 26 and immortalized AHR-deficient mouse fibroblasts have impaired tumorigenicity in a subcutaneous mouse xenograft model. 27 Thus, antagonism of the AHR may prevent tumor initiation and promotion. The cancer preventive properties of AHR antagonists are often attributed to their ability to decrease the expression and activity of enzymes involved in metabolic activation of procarcinogens. [28] [29] [30] Interestingly, some AHR-antagonizing compounds, such as resveratrol, 30 were also identified to protect mice against UVB-induced skin carcinogenesis by enhancing apoptosis. 31 Thus, it is tempting to speculate that AHR antagonism may counteract tumor initiation by increasing epidermal cell death. Indeed, the AHR is known to modulate apoptosis in many different cell types and tissues in both pro-apoptotic and anti-apoptotic manners. 15 Here, we demonstrate for the first time that AHR inhibition leads to an increase in apoptosis of UVB-exposed human KC. Moreover, we validate this in vitro observation by showing an enhanced occurrence of UVB-induced apoptosis in the skin of SKH-1 AHR knockout mice. Figure 4 Presence of the anti-apoptotic AHR-E2F1-CHK1 axis in skin of SKH-1 hairless mice. (a) AHR-proficient and AHR-knockout mice were irradiated once with 185 mJ/cm 2 UVB and 48 h later the mice were killed, the dorsal skin was prepared and total protein was isolated. Expression and cleavage of caspase-3 was determined by western blot analyses; (b) expression of E2F1 in the skin of unexposed AHR-proficient and AHR-knockout SKH-1 mice was determined by western blot analyses. *Significantly reduced compared with AHR-proficient SKH-1 mice. (c) Expression of CHK1 in the skin of unexposed AHR-proficient and AHR-knockout SKH-1 mice was determined by western blot analyses. *Significantly reduced compared with AHR-proficient SKH-1 mice
The AHR inhibits UVB-induced apoptosis in skin K Frauenstein et al AHR-knockdown in human KC was accompanied by a decreased expression of E2F1, and experimental recovery of E2F1 expression attenuated the responsiveness to UVB-induced apoptosis. E2F1 is a transcription factor involved in cell-cycle control and apoptosis, whose expression is often dysregulated in human tumors. 32, 33 Upon DNA damage, E2F1 is phosphorylated by CHK1 and CHK2 and subsequently induces transcription of p73 and its target genes to initiate p53-independent apoptosis. 34 Studies on murine embryonic fibroblasts indicated that the AHR inhibits E2F1-induced apoptosis, probably due to a physical interaction of both transcription factors. 35 However, the observed downregulation of E2F1 protein expression (Figure 2a) contradicts an involvement of a putative AHR/E2F1 protein interaction in enhancing the sensitivity of NCTC-shAHR KC to UVB-induced apoptosis.
Noteworthy, the inhibition of either E2F1 expression or E2F1 transcriptional activity was also reported to enhance the sensitivity of several cell types to apoptotic stimuli, 36, 37 and blocking of E2F1 expression in vivo led to an increase of p53-independent apoptosis in UVB-irradiated mouse epidermis. 38 Puga and colleagues observed a reduced E2F1 expression in livers of AHR-deficient mice, indicating that the AHR is required for basal E2F1 expression. 39 This is confirmed by our data, demonstrating that E2F1 protein expression as well as promoter activity is reduced in NCTC-shAHR KC. Interestingly, E2F1 promoter activity did not change in response to BaP treatment in AHR-proficient KC, strongly indicating that E2F1 is not a member of the XRE-dependent AHR gene battery. The negative effect of Roscovitine on E2F1 promoter activity in NCTC-EV cells, combined with the divergent proliferation rates of NCTC-EV and KC with impaired AHR signaling, point to AHR-dependent differences in CDK2 activity. The enhanced expression of p27 KIP1 , combined with the reduced phosphorylation of CDK2 and Rb, observed in NCTC-shAHR cells further strengthen this idea. p27 KIP1 is known to block CDK2 activation and subsequent Rb phosphorylation, and thereby inhibits the release of E2F1 from Rb resulting in an impaired E2F1 autoregulation. [19] [20] [21] In contrast to an earlier study showing that dioxin exposure induces p27 KIP1 expression in murine thymus and hepatoma cells in an AHR-dependent manner, 40 recently published studies confirmed a higher basal expression of this protein in AHR-knockdown HaCaT KC 41 and AHRknockdown medulloblastoma cells. 42 Although a comparison between receptor activation and loss-of-function experiments has to be interpreted carefully, the observed repressive action of AHR on gene expression in the absence of any exogenous ligands may point to the potential presence of endogenous AHR ligands. 12 Noteworthy, a nuclear-localized constitutively active AHR that blocks gene expression, probably by inducing local epigenetic modifications, has also been previously described. 43, 44 Whether the AHR directly binds the p27
KIP1
promoter to repress transcription is not known up-to-now. Alternatively, the AHR may affect p27 KIP1 expression indirectly by modulating other transcription factors, such as HES-1 or c-myc, which are known to inhibit p27 KIP1 expression. 45, 46 Even though the precise molecular mechanism remains to be elucidated, our data indicate that the AHR is a critical regulator of p27 KIP1 in human KC. Ectopic overexpression of p27 KIP1 was reported to initiate apoptosis in several mammalian cells. 47 Accordingly, an increased expression of p27 KIP1 was previously linked to the anti-proliferative and pro-apoptotic properties of the chemopreventive agent epigallocatechin-3-gallate, 48, 49 a known antagonist of AHR signaling. 29 The repressive influence of an enhanced p27 KIP1 level on E2F1 expression, observed in our study, may contribute to these beneficial effects.
Our E2F1 rescue experiments revealed that the decrease in E2F1 expression was causative for the reduced CHK1 expression in NCTC-shAHR KC. Furthermore, BaP exposure did not affect CHK1 transcription, providing evidence that CHK1 expression is not directly regulated via the AHR. The CHK1 gene encodes for a serine/threonine protein kinase responsible for induction of cell-cycle arrest upon DNA damage. 50, 51 More precisely, DNA damage-activated ATR kinase phosphorylates CHK1, which subsequently phosphorylates CDC25 phosphatase. This phosphorylation targets CDC25 to 14-3-3-mediated nuclear export and subsequent proteolysis and thus prevents CDC25-mediated activation of CDC2, which is critical for progression into M-phase. Recently, it was shown that both siRNA-triggered inhibition of CHK1 expression as well as caffeine-mediated inhibition of CHK1 activation abrogated checkpoint control and augmented UVB-induced apoptosis in human primary KC. 52 Accordingly, pre-exposure of SKH-1 hairless mice to caffeine resulted in an enhanced rate of UVB-induced apoptosis in the epidermis 53 and protected the animals against photocarcinogenesis. 54 In addition, epidemiological data imply that daily caffeinated coffee consumption decreases the incidence and prevalence of NMSC in Caucasians, 55, 56 indicating that CHK1 inhibition is indeed effective in terms of cancer chemoprevention in humans. As overexpression of CHK1 attenuated the enhanced apoptosis rate of UVB-exposed NCTC-shAHR KC, it is highly likely that the loss of checkpoint control drives damaged KC into the suicide program ( Figure 5 ). This notion is further confirmed by the missing difference in apoptosis susceptibility of UVB-exposed non-proliferative NCTC-EV and NCTC-shAHR KC (Figure 3f) .
In this study, we identify the AHR as a crucial mediator of apoptosis in UVB-irradiated KC that suppresses cell death via a newly discovered AHR-E2F1-CHK1 axis, which is triggered in a p27 KIP1 -/CDK2-dependent manner ( Figure 5 ). We also demonstrated an increase in apoptosis in the skin of UVB-exposed AHR-deficient SKH-1 mice, accompanied by a reduced expression of E2F1 and CHK1, providing evidence that the AHR-E2F1-CHK1 axis is present in vivo. Based on our previous findings that UVB exposure of KC increases the expression of CYP1A1 and COX-2 in an AHR-dependent manner, it was postulated that AHR signaling contributes to the development of UVB-induced NMSC, 4, 14 an idea that is further strengthened by the results of our present study. As the UVB doses used in this study, with 200 J/m 2 being equivalent to the minimal erythema dose of fair-skinned human individuals, 17 can be easily reached during recreational sunbathing, we propose that a transient antagonism of this signaling pathway, especially in times of extensive UV exposure, will be beneficial for the prevention of NMSC. It will be interesting to see, if this newly described anti-apoptotic
The AHR inhibits UVB-induced apoptosis in skin K Frauenstein et al pathway is also present in other epidermal cell populations harboring functional AHR signaling, such as Langerhans cells 57 and melanocytes. 58 However, as the AHR was also described to act pro-apoptotic, for instance in PAH-exposed oocytes, 59 cell-and tissue-specific alterations of this pathway may be expected.
Materials and Methods
Cell culture, UVB irradiation, and treatment. The KC cell line NCTC 2544 was cultured in MEM medium (PAA, Coelbe, Germany) supplemented with 10% FCS Gold (PAA) and penicillin/streptomycin in a humidified atmosphere of 5% CO 2 at 37 1C. AHR-knockdown and empty vector control HaCaT (HaCaT-shAHR; HaCaT-EV) KC 10 were cultured in DMEM medium (PAA) supplemented with 10% FCS Gold (PAA), penicillin/streptomycin, and 0.68 mg/ml G418 (AppliChem, Darmstadt, Germany) in a humidified atmosphere of 5% CO 2 at 37 1C. The source for UVB irradiation was a TL20W/12RS lamp, four tubes in parallel connection (Philips, Eindhoven, the Netherlands), which emits most of its energy in the UVB range (290-320 nm) with an emission peak at 310 nm. For UVB exposure, culture medium was replaced by warm PBS. Afterwards, fresh medium was immediately added to the cells. Sham-irradiated cells were subjected to the identical procedure without being UVB exposed. For AHR antagonism, cells were 1 h pretreated with the specific antagonist MNF (or DMSO) before UVB irradiation. BaP, WP631, PP2, PD98059 (Sigma-Aldrich, Munich, Germany), KT5720, Roscovitine (Enzo Life Science, Loerrach, Germany), and BAY 11-7085 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were dissolved in DMSO, LPS (Sigma-Aldrich) in water.
Generation of NCTC-shAHR and NCTC-EV cells. For stable AHR knockdown, NCTC 2544 were lentiviral transduced with a shRNA-encoding vector targeting human AHR or empty control vector, using the protocol previously described for human immortalized HaCaT KC. 10 NCTC-shAHR and NCTC-EV KC were cultured as described above, but medium was supplemented with 0.84 mg/ml G418 (AppliChem). SDS-PAGE and western blot analyses. For western blot analyses, cells were seeded as described under 'Quantitative Real-Time PCR'. Cells were lysed in RIPA buffer (25 mM Tris-HCl, pH 7.4; 150 mM NaCl; 0.1 mM EDTA, pH 8.0; 1% Nonidet P-40; 1% desoxycholate; 0.1% SDS; 0.025% NaN 3 ; protease inhibitors) on ice and subsequently centrifuged for 5 min at 4 1C at maximum speed. Protein samples were separated by 10% SDS-polyacrylamide or NUPAGE Novex 3-8% Tris-acetate (Invitrogen) gel electrophoresis and blotted onto PVDF membranes (GE Healthcare, Freiburg, Germany). Blots were blocked with 5% skim milk in TBS-Tween-20 0.1% (TBS-T) for 1 h and with 5% BSA in TBS-T for 30 min at room temperature. Blots were incubated overnight at 4 1C with antibodies against CHK1, E2F1, p27 KIP1 , P-CDK2 (Thr160), P-Rb (Ser807/811), GAPDH, or b-actin (Cell Signaling Technology, Danvers, MA, USA), caspase-3 (Santa Cruz Biotechnology) and PARP-1 (Epitomics, Burlingame, CA, USA) according to the manufacturer's instructions. Blots were washed and subsequently incubated for 1 h with a 1 : 5000 dilution of HRP-conjugated anti-rabbit (Cell Signaling Technology) or anti-mouse (GE Healthcare) secondary antibody in 5% skim milk in TBS-T at room temperature. Bands were visualized using the chemiluminescence ECL Prime detection system (GE Healthcare) and X-ray films. Densitometry was carried out using the AlphaEaseFC Software (Alpha Innotech, San Leandro, CA, USA). KIP1 and the subsequent repression of E2F1 and CHK1 expression, respectively. The loss of CHK1 impairs proper checkpoint control and sensitizes UVB-damaged KC to apoptotic cell death Flow cytometry analysis. For FACS analyses, 1 Â 10 5 cells/well were seeded into six-well plates and cultured overnight to reach a confluence of approximately 50%. Analysis of apoptosis by propidium iodide (PI; Sigma-Aldrich) staining and flow cytometry was performed as described in reference. 60 Briefly, trypsinized cells plus medium were centrifuged at 200 Â g for 5 min at room temperature, followed by washing with PBS. Pellets were resuspended in 150 ml of fluorochrome solution containing 0.1% sodium citrate, 0.1% Triton X-100, and 50 mg/l PI. After incubation in the dark at 4 1C for at least 1 h, cells were analyzed by flow cytometry. The acquired data were analyzed using the FlowJo software package (Tree Star Inc., Ashland, OR, USA).
Overexpression experiments. For overexpression experiments, 1.5 Â 10 5 cells/well were seeded into six-well plates and cultured overnight to reach a confluence of approximately 60%. Transient transfection of KC with pCI-neo FLAG-CHK1 (referred to as pCHK1), pCMVHA E2F1 (referred to as pE2F1; Addgene, Cambridge, MA, USA; plasmid #24225), or respective empty vectors was done using JetPEI transfection reagent (Polyplus Transfection, Illkirch, France) according to the manufacturer's instructions. Twenty-four hours after transfection, cells were exposed to UVB and 24 h later western blot analyses were performed as described above.
Reporter gene assay. Cells were seeded as described under 'Overexpression Experiments' and subsequently transiently transfected with E2F1 reporter construct pGL2AN (Addgene plasmid #20950) or empty pGL2basic vector (Promega, Mannheim, Germany) by using JetPEI transfection reagent. After 24 h, cells were treated with the indicated substances for additional 24 h. E2F1 promoter-driven luciferase activity was measured in a Multi-Bioluminat LB 9505C (Berthold Technologies, Bad Wildbad, Germany) using a luciferase assay system (Promega). Firefly luciferase activities were normalized to protein concentration.
Proliferation assay. KC proliferation was measured 24 h after seeding (2.5 Â 10 4 cells/well in 24-well plates to reach a confluence of approximately 50%) using the BrdU labeling and detection kit III (Roche, Penzberg, Germany), according to the manufacturer's instructions.
Animals and western blot analyses. The AHR exon-2 deletion of B6.AHR tmIbra mice, originally generated by C Bradfield 61 and obtained from the Jackson Laboratory (Bar Harbor, ME, USA), was backcrossed into the SKH-1 hairless background for more than nine generations. All animals were housed in our specific pathogen-free animal facility. Genotyping was performed using the oligonucleotides 5 0 -CTGAATGAACTGCAGGACGA-3 0 and 5 0 -ATACTTTCTCGG CAGGAGCA-3 0 for the AHR-knockout allele, and 5 0 -GGATTTGACTTAATTCC TTCAGCGG-3 0 and 5 0 -TCTTGGGCTCGATCTTGTGTCAGGAACAGG-3 0 for the AHR wild-type allele.
For western blot analyses, male SKH-1 mice (except the control animals) were exposed to a single dose of 185 mJ/cm 2 UVB, and 48 h later mice were killed. The dorsal skin of each animal was prepared and protein was isolated from two 4 mm punch biopsies. SDS-PAGE and western blot analyses were carried out as described above using antibodies detecting E2F1 (Santa Cruz Biotechnology), CHK1, GAPDH, b-actin, and caspase-3/cleaved caspase-3 (Cell Signaling). The animal experiments were performed according to the national animal care guidelines.
Statistical analyses. All data shown are mean ( ± standard deviation) or representative results (western blots) from three or more independent experiments, if not indicated otherwise. Data were analyzed using two-sided Student's t-test. P-values below 0.05 were considered as significant.
